A molecular dynamics simulation of the trapping of a guest molecule in a rare gas matrix deposition is presented. Using Lennard-Jones pairwise potentials, the shape and size of trapping sites are seen to depend on the preparation conditions, particularly the temperature and the cooling rate. The proper way to obtain a defect-free matrix is by depositing at temperatures that are somewhat lower than the annealing temperature.
INTRODUCTION
Matrix isolation is used extensively to study the properties of highly reactive species that would quickly react if allowed to move freely. In the last few years, there is growing interest in the dynamics of matrix trapped species, and methods are being developed to study the motion of matrix trapped species after being energized ' (usually by photons) . Although the interaction between the matrix atoms and the guest molecule is weak, particularly in the case of rare gas solids, it is easily measurable by high resolution spectroscopy2 and is manifested in various ways. One is the observation of different trapping sites that are believed to affect both the spectrum and the dynamics of the guest molecule. A simulation of these properties requires the knowledge of the site's structure and consequently considerable effort has been invested in calculating it. An assumption that is often made is that the guest molecule does not significantly alter the overall structure of the solid. Rather, a small number of neighboring lattice atoms are replaced, thus creating a substitutional site.3 Computer simulations that calculate the energetically most favorable sites have been presented by several workers4 and the resulting site geometries used to simulate experimental results.
It is well known that the properties of trapped species are strongly affected by the matrix preparation method.5 The formation of dimers or other aggregates is a common phenomenon that depends largely on the guest molecule/ rare gas (M/R) ratio, but even when highly diluted mixtures are used, several sites are sometimes formed. It has been noted that deposition at very low temperatures tends to produce less ordered matrices.2'5 This is manifested by the observation of a larger number of spectroscopically distinguishable sites and by the fact that the matrix contains more defects, such as vacancies. Under these conditions, one suspects that many guest molecules are not occupying the energetically most favorable sites. Annealing is often applied in an attempt to eliminate high energy sites and concentrate as many guest molecules as possible in the most stable ones. However, the preparation mode may affect the matrix's properties even after annealing, as suggested in a recent direct measurement of the diffusion of H atoms in a xenon matrix.6 Therefore, it is of interest to find out what is the structure of a matrix formed under given deposition conditions, rather than assume one. A similar approach has been recently applied to cluster growth.' Molecular dynamics appears to be a suitable method for studying the details of the matrix deposition process. Much work has been reported on the related field of crystal growth dynamics, particularly for materials of interest to the electronic industry.8 However, the preparation of a rare gas matrix has not yet been simulated by a molecular dynamics, to our knowledge, and in particular the issue of accommodation of guests. We present here preliminary results of a relatively simple model, motivated in part by recent observations in our laboratory on anthracene and on ICN, that could only be explained by the coexistence of several trapping sites. ' The simple case of a spherically symmetric guests is discussed and it is shown that the model reproduces successfully some of the salient features of matrix preparation.
METHOD
Interatomic potentials were assumed to be given by additive pairwise potentials, any three body interactions being neglected. Lennard-Jones 6-12 potentials, truncated at 2.70, were used throughout. These potentials are known to be unable to reproduce a free-centered-cubic (fee) lattice," unless an appropriate template is used, since for such potentials, the hexagonal close-packed (hcp) form is slightly more stable. The simulation was therefore started by constructing a seed rare gas crystal, using literature lattice parameters. This was done by duplicating the unit cell of the fee structure to create a crystal large enough so that periodic boundary conditions (PBCs) could be imposed, avoiding duplicate interaction between any atoms. PBCs were imposed in the x and y directions, while the deposition was from the positive z side. The seed crystal was brought to the desired temperature by assigning to each atom an initial velocity randomly selected from a Boltzmann distribution at that temperature and then allowing the system to run loo0 time steps. Trajectories were calculated using Newton's equations of motion by a velocity Verlet integrator with a time step small enough (typically 2 fs) to ensure time reversibility and conservation of energy. At each time step, all the atoms were allowed to move, their new positions and velocities being the basis for the next step. Adatoms were randomly selected from a 300 K Maxwell-Boltzmann distribution and brought to within a vertical distance of 2.6~ from the surface. From this point on, they interacted with all the other atoms present in the system and trajectories were calculated in the same manner. The trajectory of a new adatom was begun after the previous one was thermally equilibrated with the lattice (typically 10 and 25 ps for argon and xenon, respectively). During this accommodation period, the lattice was kept at a constant temperature by cooling all its atoms periodically. The cooling rate of the adatom was one of the adjustable parameters of the program (for details, see below). Upon termination of the deposition (usually after 200 to 300 atoms were condensed onto the crystal), the positions of the atoms in the matrix were determined after cooling the system gradually to 0.1 K. This allowed an easy way of taking "'snapshots" that were not blurred by random thermal fluctuations. Annealing, when applied, was simulated by slow stepwise warming the matrix to the desired temperature and allowing the system to run lo5 time steps before cooling again. Temperature changes were affected by scaling the velocity of each atom by ( Tf/ Ti) I'", where Tt is initial temperature and Tf is the final one in each small step. All calculations were carried out on a Silicon Graphic Indigo R4000 workstation.
RESULTS AND DISCUSSION
The results presented here pertain to the simulation of an argon matrix starting with a seed crystal consisting of about 200 atoms whose 100 plane is facing the incoming atoms. In this plane, an ABA B-* * sequence is followed and the seed crystal stands four layers high. The lattice parameter was taken to be 5.32 A at 25 K and the Lennard-Jones potential parameters are shown in Table I . Deposition of pure argon led to the formation of a well-ordered crystal when carried out at 25 K. When deposition was carried out at much lower temperatures, the final structure was found to depend strongly on the adatom cooling rate. In order to demonstrate this effect, two extreme cases were explored-if the incoming atom was allowed to cool solely by the energy exchange with the lattice atoms, the matrix was seen to grow in an orderly fashion, each layer being almost full before the next one is beginning to form. In this case, the new atom was often observed to hop several times across the solid phase until it came to rest. Rapid cooling was imposed by equating the adatom's temperature to the lattice temperature on the first contact (defined by a distance of less than 0.6~ from two lattice atoms). The added atoms tended under these c~onditions to concentrate in a small number of regions, forming humps in a dendritic-like growth pattern. A matrix thus formed had an open structure with many vacancies. The incorporation of two guests was simulatedxenon, whose L-J parameters are not much different than those of pure argon and are thus expected to cause only small distortions, and SF6. The latter was treated as a spherical species, ' l-l3 represented by an argon-SF6 L-J potential whose parameters (cf. Table I) were obtained from the Ar-Ar and SF,SF6 ones3(b) by using the usual combination rules. It represents a species whose incorporation into the argon lattice may lead to large perturbations.
All simulations were begun by bringing the seed crystal to the desired temperature, and then depositing one guest molecule on the topmost (i.e., the fourth) layer. Thus, should the guest fit snugly into the lattice, it is expected to end up in layer five. Indeed, it was found that the argon matrix accommodated a xenon atom in a substitutional site on layer 5 with only slight distortion, In contrast, the situation in the case of SF, was completely different. FIG . 2. The structure of the polygon consisting of the 12 argon atoms lying nearest to the guest SF6 molecule. The smaller circles denote the location of the argon atoms in a perfect crystal (some are hidden in this perspective view). Two atoms belong to layers 4 and 7 each, and four each in layers 5 and 6. The four hexagons and triangles are clearly seen. Figure 1 shows the structure of an argon matrix containing SF,, prepared at two diierent temperatures under slow cooling conditions. It can be seen that deposition at 25 K leads to a fairly symmetric immediate environment around the guest molecule, which is not occupying a substitutional site. Rather, its center of mass if found midway between layers 5 and 6. Four argon atoms, two each in layer 5 and 6, are seen to be missing. The SF6 molecule is situated in the center of a tetrahedron formed by these missing atoms. The nearest 12 argon atoms are seen to be "pushed" a little outwards from their unperturbed position and are all located 4.68 =tO.O2 A away. It is noted that this value is very close to the minimum separation between an argon atom and the molecule according to the L-J potential. Figure 2 shows the structure of this polygon that consists of four equilateral triangles and four equilateral hexagons. This structure was consistently obtained in several independent runs. Deposition at 5 K, usually led to a less symmetric form-between four and seven argon atoms are removed from the near vicinity of the guest, thus forming a cavity large enough to host it rather loosely. In contrast to the higher temperature case, each run led to a somewhat different structure, although the general pattern was similar [cf. Fig. l(b) ].
Another change induced by SF6 is observed when rapid cooling of the adatom is applied. As seen from Fig. 3 , a dislocation seen to develop in layer 7 is maintained for as many layers as deposited. This effect is observed both at 25 and 5 K, but is much more pronounced in the lower temperature.
Attempts to incorporate into the matrix an even larger atom (a=5.7 A> led to a structure that consisted of a pure argon lattice with the adatom staying outside. Evidently, the displacement of argon atoms from the vicinity of the guest was large enough to impede its enclosure in an argon matrix.
Annealing of the distorted argon lattices obtained at low temperatures was performed at 35 K using the procedure described above. It was found that the irregular cavity The lower right hand frame shows a three dimensional perspective, and the other three show cuts across 001 planes; the symbols are the same as in Fig. 1 . A dislocation is seen to develop in layer 7 and to build up in higher layers.
shapes became much more regular, as can be seen by comparing Fig. 4 with Figs. 1 and 3. However, quite often the most stable four-atom vacancy site was l~ct obtained. Rather, the larger vacancies rearranged to a more symmetric form, as shown for a six-atom vacancy in Fig. 4 (a) . A dislocation, if formed in the deposition, disappeared completely, and a regular pattern was restored [ Fig. 4(b) ]. These results may be confronted with the experimental results of Ref. 2(a) . It was shown there that in an argon matrix deposited at low temperatures, many different sites are formed, some of which, but not all, can be removed by annealing. The structure obtained in the simulation for the four-atom trapping site (that appears to be the most stable one) has a tetrahedral symmetry and appears to be compatible with the fine structure and the polarization data of Ref. 2(a) . Deposition in argon at 10 K was reported to produce peaks that disappeared upon annealing-assigned tentatively to a loose five-atom substitutional site. Simulation of a SFr/Xe matrix led to the appearance of two site types. One was similar to that observed in argon formed by the replacement of four lattice atoms by the guest molecule. The other was an asymmetric site, in which the guest occupied a substitutional site and two vacancies were formed next to it. All three xenon atoms are removed from a 111 plane in this case. Annealing at 70 K results in a regularly patterned crystal, in which the SF6 molecule occupies a single substitutional site.
The large number of defects (vacancies and dislocations) obtained when deposition is carried out at a low temperature is in line with a large number of experimental observations.5 Reference 6 assigns the faster diffusion rate of H atoms in a xenon matrix deposited at low tempera- with the lattice, further delay in admitting the next adatom did not affect the resulting structure. The very fast deposition rate is thus an artifact due to the consideration of only a very small part of the whole matrix, but does not affect the physical situation in the close vicinity of the site. Some important matrix properties, such as the size and shape of microcrystallites, grain boundaries, and large dislocations cannot be considered in the proposed model.
CONCLUSIONS
Molecular dynamics simulations of matrix deposition provide an insight into the structure of the immediate environment of a molecule trapped in a rare gas solid. Although Lennard-Jones potentials provide only a crude approximation to the real crystal potential, they seem to give a fair description of local interactions and are seen to lead to the formation of several distinct sites under certain deposition conditions. It is suggested that for nearly spherical molecules, such an octahedral or tetrahedral ones, the approximate site structure can be obtained by-assuming a spherical symmetry. The resulting site may then be used to analyze the spectrum of the molecule, taking into account its detailed symmetry. This procedure can be extended to less symmetric molecules, such as diatomic ones, by using appropriate potentials.
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tures to motion along grain boundaries. Our simulations do not deal with large scale phenomena and at present cannot predict the formation of grain boundaries. However, they suggest an additional mechanism, namely, hopping from one vacancy site to another. It appears that more vacancies are formed upon low temperature deposition and many of them survive annealing. The reason for that appears to be the fact that once formed, a vacancy is stabilized by its nearest neighbors, and annealing can normally affect only short range order, leading to more symmetric local site. Elimination of extra vacancies requires a concerted motion of many atoms extended all the way to the crystal's surface. The mere filling of a vacancy by a neighboring atom does not change the number of vacancies.
The simulation presented in this work differs from real deposition in at least two major aspects-the rate of matrix deposition calculated by the simulations is several orders of magnitude faster than the real one and only local interactions are considered. The macroscopic rate depends not only on the final step discussed here, but on several transport processes such as convection and diffusion. We found that after allowing the adatom's temperature to equilibrate
